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"1. INTRODUCTION

In recent years part of the SRDE programme of research on satellite communications
has been directed towards the design of SHF earth stations which will be much
simpler, more reliable and cheaper than the ones now in existence. This work
has included the construction of aerial tracking systems less complex than those
at present in service, current systems being considered unnecessarily complex
because they generally employ several feed horns and associated low noise
amplifiers, or use mechanical devices for their operation.

In 1970 intra-mural work commenced on a simple microwave tracking system. The
basis of the system was the derivation of information for tracking purpose by
sensing the presence of a particular waveguide mode which is normally generated
by an aerial when the angle of arrival of an incoming circularly polarised signal
is slightly off the axis of the aerial. The system was partly based on that used
at the Andover, Maine earth stationi, but it differed in that microwave and base-
band systems were much less complex 2 , in particular only one feed-horn, one
parametric amplifier and one receiver system had to be used. 3 The SRDE system
was sufficiently developed for it to be successfully demonstrated in conjunction
with a 3.9 m diameter spherical aerial system on the SRDE Open Days in 1971.
Subsequently it was thought that the system should be developed further and in
preparation to placing a contract an SRDE Technical Specification was written
:n 1971.4 Folloling this, a contract was placed with the GEC - Marconi Electronics
Ltd Research Laboratories, Great Baddow, in 1973.

The contract objectives were:-

i to study the design of simple multimode tracking systems

ii to determine the most favourable configuration(s) in the context of
small and medium sized earth stations

iii to provide detailed design information

iv to produce one or more systems for evaluation by SRDE

Work on the contract started early in 1973 and the Marconi Design Study Report 5
was produced in June 1973. This described several possible configurations and
summarised their respective merits and drawbacks. Using this report, a choice
of system was made and in February 1974 a completed system was delivered to SRDE
and installed by Marconi engineers.

The main body of this report consists of a description of the operation of the
tracking system, an account of the tests performed on it and the results obtained.

2. DESCRIPTION OF TRACKING SYSTEM

2.1 Outline of Theory of Operation

The system is based on the phase and amplitude variations of the TE 1 and
TMo 1 modes that are excited in the circular wave guide of an antenna by an
off-axis signal source.

The TE11 mode signal (which is used for communications) is maximum when the
distant source is on the axis (on boresight) of the circular guide. At the
same time the TMo 1 mode signal is minimum. Departure from boresight results
in a reduction of the TEll signal and an initial rapid rise in the TM0 1 mode
signal. See Fig 1.
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The phase of the 2'll mode is virtually independent of angle of arrival of
the signal, whereas the phase of the TMoI mode depends strongly on the
direction of the off axis source. The TMO1 mode signal will in fact change
in phase by up to 360° as the pointing of the antenna describes a circle
around the distant source. Thus by examining the relative amplitudes and
phasen of the TE1 ; and TMoI mode signals it is possible to determine the
angle of arrival relative to boresight. Antenna tracking is performed on
a low power beacon signal radiated by the satellite.

The TMoI mode signal is extracted by a mode coupler situated between the
antenna feed horn and diplexer, and bi-phase modulated at 1 kHz. (See
Fi. 2 which is a block diagram of the waveguide system). This modulation
generates a series of sidebands at 1, 3, 5 kHz etc: with respect to the
carrier. (See Fig 3). The sidebands are re-injected into the main wave-
guide run via the mode coupler as TE 1 1 mode signals and are amplified
tocether with the normal TE11 mode signals (communications channel and
Leacon) by a single parametric amplifier. The signals are then down
converted to IF(93.1 MHz) and fed to the tracking demodulator where the
tracking information contained in the I kHz side bands is extracted and
,resented aE elevation and azimuth antenna pointing errors.

2.2 Details of Kicrowave Section

_onsiderinr iig 2, the TEj ard TMo 1 mode signals from the antenna enter
-:he colaxizer where the circularly polarised TEll is transformed to a plane
rolarised signal, in the normal way. Any TMo 1 mode signal energy generated
by an off axis signal passes through the polariser and is extracted by the
mode coupler and fed into the hybrid T. Some TE11 mode signal energy is
also coupled out. Due to the configuration of the TEll and TMo 1 mode fields
the phase of the signals in the hybrid T arms is such that it splits up the
signL:Is and directs the TMO1 and TE1 1 mode energies to different ports. The
T 0 1 mode energy is modulated by a phase modulator consisting of a 3 dB side
wall coupled hybrid terminated by PIN diodes a quarter of a wave in front of
short circuits. Switching the diodes results in bi-phase modulation of the
TMOI mode energy signal. The phase riodulated signal after passing through
an isolator and a beacon band pass filter is fed into the TE1 1 port of the
hybrid 1. It is then reinjected into the main circular waveguide. The
TE1 1 mode energy at the beacon frequency which has been coupled out passes
tr=rough the beacon filter and is i,.bs,,rbed in the isolator. This prevents
such energy seing phase modulated and reinjected in the main waveguide as
2M11 mode energy. The beacon filter is placed so that it presents a short
circuit at the coupler ports to signals in the communications band, thus
preventing these signals being coupled out and lost. A matching section
knot shown) is placed between the mode coupler and the diplexer.

Figure 4 is a cutawaj section of the mode coupler, Fig 5 is a sketch of the
mechanical layout of the complete micrcwave section of the tracking system.

The communications channel signals, the beacon signal and sidebands of the
beacon signal arising from bi-phase modulation of the TMo 1 mode signal are
all amplified in one parametric amplifier. (The diplexer and receive band
Pass filter prevent transmitter power reaching the parametric amplifier).
The beacon signal is then converted to IF (93.1 MHz) by the down converter
and applied to the demodulator.

2.3 Details of Demodulator Section

From the description of the microwave section it is apparent that the signal
,at the beacon frequency will consist of two superimposed components; an
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unmodulated signal corresponding to the normal TEll mode, and a signal of
arbitary phase derived from the TM0 1 mode which is 'labelled' by being
square wave pnase modulated at 1 KHz. The purpose of the tracking demodula-
tor is to provide tracking information by examining the amplitude and phase
of the TMc1 mode relative to the TE 1 1 mode signal.

A simplified block diagram of the tracking receiver is shown in Fig 6. For
convenience of explanation this diagram is further sub divided into five
sections A, B, C, D, and E. The purpose of section A is simply to down
convert the microwave signal to 93.1 MHz. The overall function of sections
B and C is to derive two 1 KHz square waves, the amplitudes of which are
proportional to the Azimuth and Elevation tracking errors. In section D
the square waves are coherently detected with respect to the square wave
used to modulate the microwave phase shifter, this is done to improve
sensitivity and to determine the 'sense' of the error.

Considering the sections in more detail, section B contains a down converter
ani uhase locked loop. This enables the signal to be further down converted
an3d locked in phase to the 2.8 MHz crystal controlled source. The outputs

i: his section are therefore the modulated signal converted to 2.8 MHz plus
a 'clean' unmodulated signal from the local oscillator phase locked to the
centre frequency of the incoming signal.

At the input to section C the modulated signal is connected to the 'Azimuth'
and 'Elevation' branches. The section contains identical coherent detectors
in each branch. Both are connected to the 2.8 MHz signal. The 'reference'
to each of the coherent detectors is derived Srom the 2.8 MHz source (which
was locked to the signal in section B). A 90 phase shift is applied to the
reference of one detector. The output of each detector is a 1 KHz square
wave. Since the references applied to the detectors are in quaduature the
relative amplitudes of the square wave outputs will be proportional to the
AF phase of the modulated TMO 1 signal as resolved into 'in-phase' and
quaduature components respectively. By suitable adjustment of the pre-set
phase shifter the square wave output of each of the detectors can be made
to correspond to elevation and azimuth error signals. The coherent detectors
are also responsive to amplitude, hence the absolute magnitude of the output
of each detector is a measure of the magnitude of the elevation or azimuth
tracking error.

In section D the 'sense' of the tracking error is determined and the signal-
to-noise of the two 1 KHz channels further improved by coherent detection
with respect to the 1 KHz (which also drives the microwave phase shifter)
source and filtering. The resultant DC constitutes the required outputs.

Section L consists only of an electronic phase shifter. Its purpose is
merely to compensate for phase shifts generated in the microwave filter due
to changes of ambient temperature. This compensation is required because
3ny changes in the phase shift due to temperature would result in an apparent
rotation of the pointing axes, eg the 'azimuth' channel would contain some
'elevation' information and vice versa.

The tracking demodulator also incorporates AGC circuitry (not shown in Fig 6).
Further circuit details are given in Ref 6.

The prototype equipment (not designed for minimum size, weight etc) is housed
in a 21.5 cm high, 48.26 cm rack mounted unit. See Fig 7. Power supplies
are separate. The front panel carries four meters to show the departure from
nominal frequency of the search oscillator, the beacon signal level, and the
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elevation and azimuth error outputs. Signal acquisition is indicated by

the lighting of a lamp.

3. TESTING AND PERaFORhMANCE OF ThACKING SYSTEM

The tracking system was designed to be tested in conjunction with a 7/8 GHz 2
metre diameter antenna, as this was thought to be about the smallest size antenna
that such a tracking system was likely to be used with in service. The use of
such a small antenna provides a stringent test of the system as the available
signal was small. The antenna was built at SRDE and to avoid its transportation
to the contractor's plant, a simple horn was used as an aerial during the
contractor's tests.

The description of the testing of the system is therefore split into two sections.
The first deals with the tests performed by Marconi staff at Great Baddow and the
second deals with the tests performed at Steamer Point SRDE using the 2 metre
antenna and satellites.

-. I1STS PERFO,&ED BY MAROONI 00 AT GxIEAT BADDOW

:27:: Only those tests directly related to the Technical Specification 6 are
aescr-oed. A more detailed account of all tests performed by the Marconi Company
:s F'ven n .nRef 7.

I.1 Description z:f Test Range

The microwave section of the tracking system and the feed horn were mounted
on a remotely controlled turntable placed on the roof of a trailer. The
feed horn was approximately 5 m above ground level. The output of the
tracking system was connected to down-conversion and base-band equipment
inside the trailer.

To simulate a satellite beacon signal for test purposes, a crystal controlled
high stability CW source was constructed. Its output was coupled to a circularly
polarised horn mounted on top of a 6.7 m high tower 13 m away from the system
under test.

To check the thermal stability of the system a temperature controlled enclosure
was built to house the microwave section of the tracking system. The feed horn
was not enclosed so that the system could still receive signals whilst under-
going thermal tests. The temperature range of the enclosure was that required
by the specification.

.2 fest siesults

4.2.1 Loss in Transmit Band

Dhe target specification required the insertion loss of the microwave
section of the system to be less than 0.2 dB over the transmit band
7975 to 8025 MHz. Figure 8 shows the measured loss and this meets
the specification over the whole band.

4.2.r Loss in Receive Band

The target specification required the degradation of the receiving
noise temperature due to the insertion of the tracking system to be
less than 15 K over the band 7250 to 7300 MHz.
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Assuming an antenna temperature of 470K and an ambient of 283 K
10° C) the above implies that the ohmic loss of the tracking system

should not exceed 0.29 d3. Fig 9 shows the measured insertion loss
over the band. The reflection coefficients over the band were
converted to VSWR loss (also plotted) and this was subtracted from
the measured insertion loss to obtain the ohmic loss. It can be
seen from the figure that the target specification was met over
most of the band.

As explained in paragraph 2.2 a beacon band pass filter is used to
prevent loss of communications band signals. The inevitable finite
skirt response of this filter is responsible for the small but
increasing loss at the top end of the communications band.

4.2.3 Alignment of Tracking Axes

Changes in temperature of the microwave section of the tracking system
cause variations in the path lengths which would, if not compensated
for in the demodulator section, cause the tracking axes to rotate ie,
the 'elevation' channel would also be sensitive to azimuth and vice
versa. To test the effectiveness of the compensation system the
tracking axes were aligned and the temperature 8f the microwave section
varied over the specified temperature range (-7 C to +27 C). The
deviation of the axes from their nominal position was measured every
few degrees Centigrade. The observed deviations are shown in Fig 10.
It will be seen that at certain temperatures 0 the angle between the
axes differs by up to 50 from the nominal 90 . The reason for this
is not known.

The target specification required the ratio between the true error
signal and an orthogonal false error signal to be a maximum of 10:1.
This implies that the axes must be within 5.70 of their nominal
position. These limitr are drawn on Fie 10 which shows that this
requirement is met over the majority of the temperature range. The
small amount by which the specification was not met will not be serious
in practice.

4.2.4 Variation in Tracking Error with Change in Signal Level

The tirget specification required that the variation in indicated
trackinr error caused by a + 10 dB change in signal strength should
not be greater than 10%. The change was subsequently amended to + 5 dB.
See Appendix B.

To test the performance of the system the feed was offset by half a
beam width and the output of the elevation and azimuth channels
recorded as the level of the signal into the demodulator was varied.
The resuLts are shown in Fig 11.

Derived from this result Fig 12 shows the percentage change in error
signal of both channels when the input to the demodulator was stepped
+ 5 dB for a number of nominal mean input levels. It will be seen
That the azimuth channel performance met the specification, but that
the elevation channel change exceeded the specified limit at some input
levels. No reason for the different behaviour of the two channels has
been given. The shortfall from the specified accuracy is not serious.
However, later tests on satellite signals (See para 5.2.4) indicated
a greater shortfall.



4.2.5 Offset between True Electrical Boresight and Indicated
Boresight

This was initially specified as 3% FSD maximum, but was later amended,
at the request of Marconi Ltd, to be "the error which would result in
not more than 0.1 dB loss in communications signal" (roughly one fifth
of the 3 dB beam width). See Appendix B.

The angular displacement between the true electrical boresight and
the boresight as measured by the tracking system was measured and
found to represent a radial error of .05 beamwidth. The angle at
which the gain of the feed horn used in conjunction with the tracking
system had dropped by 0.1 dB was calculated to be 0.2 beamwidths off
axis. The error in indicated boresight is therefore well inside the
specification limit.

4.2.6 Tracking Error Indicator Output Signal-to-Noise Ratio

The target specification required the tracking error output signal to
noise ratio to be 20 dB minimum in 1/10 Hz bandwidth when certain
input signal level conditions applied; namely the TM0 1 signal-to-
noise to be 30 dB Hz and the signal to be off boresight by such an
angle as to make the TMo 1 signal level 10 dB below the TE 1 1 maximum
krocghly 1/6 of a beamwidthy. Under these conditions the measured
value cf tracking error output signal-to-noise was found to be 26 dB
in a 2 Hz bandwidth, this would have given about 39 dB in a 1/10 Hz
bandwidth, thereby easily satisfying the specification.

5. TEST PERFOIFOED Ar S0DE

After completion of the tests at Baddow the tracking system was brought to SRDE
and fitted to a 2 metre antenna with the object of testing the system on a typical
small aerial when receiving actual satellite signals. The gain of the antenna
used was measured to be about 37 dB, which is about 2 dB less than might be
expectea of a modern high efficiency antenna. This, together with the losses due
to a _ong ,ve;ride -un between the antenna and the receiver, reduced the effective
antenna diameter to about D.8 to 1.2 m; the consequent reduction in signal to
noJie ratio placed a strini•ent requirement on tracking system performance. In
addition to the satellite tests advantage was taken of other facilities (eg a 1 KW
transmitter) available at S5D0 to carry o,,t further non satellite tests to
sunoplement those made at Baddow.

All the satellite tests described in this section were carried out on the beacon
of a defence communications satellite. The C/KP when receiving this signal on
the 2 metre antenna was measured as 41.5 dB Hz. Provision was made for reducing this
further by placing a calibrated attenuator in the waveguide connecting the antenna
to the parametric amplfier. See Fig 13.

5.1 Test Apparatus

5.1.1 Satellite Test Apparatus

For field tests the equipment was set up as shown in Fig 13. A 1 kW
transmitter operating in the 20 MHz wide transmit band (7985 to
8005 MHz) wv); ;cnnected to the transmit port of the system diplexer
by 21 m of waveguide 15. rhe loss of this wave guide run was estimated
to be 1.7 dB.

The receive port of the diplexer was connected to an adjustable rotary
vane attenuator (to further reduce the signal to noise ratio as
required) and parametric amplifier in the laboratory via approximately
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18 m of adreguide 14. The loss of this run was measured as 1.6 dB.
Phe pa2. of the parametric amplifier was 25 dB. Its noise temperature
Vdwas -6 K. The parametric amplifier was connected to a down converter
a±nd IF amplifier. The output of the amplifier was connected either to
a soectrum analyser for signal strength measurements or to the tracking
demodulator. The output of the elevation error channel of the tracking
demodulaLor was connected to a pen recorder to obtain error signal
recordings. This channel was chosen because a clinometer capable of
measuring changes in the antenna elevation to 1 minute of arc was
available.

5.1.2 Test Antenna Pattern Measurement

In addition, to enable antenna pattern measurements of both the TEl
and the TMoI modes of the 2 metre antenna used in the tests to be made
by the Marconi engineers, the previously mentioned beacon signal source
was coupled to a circularly polarised horn mounted on top of a ;1 m
high tower approximately 300 m away from the antenna.

rhe outnut of the parametric amplfier was connected to a microwave
recei'ver. The output of the receiver was connected to the Y axis
-nhut of a pattern recorder. A synchro transmitter driven from the
azimu-h axis of the antenna mount was used to provide the X axis to
the ý;attern recorder.

Fig - shows both the TE-1l and TM0 1 mode antenna patterns. The TEll
mode was measured at the Rx port of the diplexer. The TMO mode was
measvred at the TM0 1 port of the mode coupler.

The Lack of symmetry in the patterns is thought to be due to multipath
-ir.sing from the poor quality of the test range.

Elevation plane antenna patterns were not recorded.

5.2 Satellite Zests

5.2.1 Acquisition Margin

During the first attempt at receiving signals from the satellite it
was found that the available signal to noise was only just sufficient
for the tracking demodulator to lock on to the signal. In order to
improve this situation a number of modifications were made to the
equipment. These are described in appendix A.

The specification required the system to work down to a C/KT of
30 dB Hz ýTMOI mode signal) which corresponded to a C/KT of 40 dB
ilz for the total beacon signal. After the modifications described
in appendix A had been carried out it was possible to acquire and
lock on to the s.tellite signal with the waveguide attenuator set
to 9 dB, thus giving a C/Kr of about 50.5 dB Hz for the total beacon
signal. The specification requirement was therefore exceeded by
9.' dB.

5.2.2 Tracking kirror Indicator Output Signal to Noise Ratio

Phe specification required this to be 20 dB minimum as measured in
1/1() Hz bandwidth subject to certain input signal conditions. These
were that the TMoI mode signal/noise was 30 dB Hz and that the TMo 1
signal leve] was 10 dB below peak TE-l mode signal level.



The 10 dB difference in level occurred when the antenna was 22 minutes
off boresight. From a series of recordings of the elevation channel
output signal the error voltage and noise was determined at this angle.
With a time constant of 10 seconds in the output circuit the resulting
signal to noise was 20 dB and was therefore within specification.

Fig 15 is a sample of an elevation channel output recording at plus 10,
plus 20 and plus 30 minutes from boresight.

Fig 16 is a recording of the elevation channel error signal obtained
when the antenna was on boresight and shows the change in noise output
which occurred when the input level to the parametric amplifier was
reduced.

5.2.3 Linearity of Indicated Tracking Error Versus 'Off Boresight'
Angle

The elevation channel output voltage was measured at various measured
off boresight angles and plotted, see Fig 17, curve A.

:he system is seen to possess a linear change of output voltage with
off axis angle to about + 40 minutes off boresight ie 3 dB beamwidth.
:he measured signal to n~ise level (on boresight) was 42 dB Hz.

-i7 ̂ 8 onows the performance of the system when the paramp input was
reduced to 34 dB Hz. It is seen that the system is linear over the
same range as before but that the sensitivity (volts/minutes of arc)
has decreased. This aspect is discussed below.

5.2. 4  Dynamic Range

The specification required the variations in indicated tracking error
to be less than 10% for a + 5 dB change in beacon signal strength.
Fig 19 is a plot of the elevation channel error voltage with change
in input level when the antenna was 22 minutes off boresight (approx-
imately . beamwidth). From the figure it may be seen that there is
a 40% drop in error voltage for a 7 dB drop in signal level. This
change in error voltage output exceeds the target 6pecification and
is greater than that which occurred during the Marconi tests. Examin-
ation of Fig 12 shows that the greatest percentage change that occurred
during the Marconi tests was approximately 16%. The difference in
percentage change in system performance is attributed to the presence
of more noise associated with the test signal during the SRDE tests

han during the Marconi tests. In a future design this aspect of
performance could be improved by arranging the AGC input to operate
from a part of the circuit where less noise is present.

Fig 19 also shows the associated S/N ratios at different input signal
levels.

5.2.5 Offset between 'True' and 'Indicated' Boresight

The specification required that the loss in communications signal due
to the offset between true boresight and that indicated by the tracking
system should not exceed 0.1 dB.

Fig 17B is a plot of the antenna TE11 mode pattern. From the figure
there appears to be a difference of 8 minutes of arc between boresight
as indicated by the tracking system and the antenna axis as determined
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from the antenna pattern. The resulting pointing error results in a
loss of less than 0.1 dB in received signal strength and therefore
it satisfies the specification.

Fig 16 also shows that, on boresight, the system output signal is
virtually unaffected by change of input signal level ie the indicated
boresight position does not depend on signal strength.

5.3 Non satellite tests at SRDE

5.3.1 Insertion Loss

Following the modifications to improve the acquisition performance
described in appendix A the tracking system was removed from the antenna
and the loss in the receive communications band and at the beacon
frequency, (previously measured at Baddow) re-measured.

The results are shown in Fig 20(a).

As the loss in the communications band exceeded the specification it
was necessary to retune the 3 screw tuner to reduce the loss and
simultaneously retain the previous matching conditions. After retu!,ing,
the loss was as shown in Fig 20(b).

The receive band loss of the system is seen to comply with the target
specification except at the extreme top end of the band. The loss of
1.6 dB at the beacon frequency was almost exactly that calculated when
the modifications to improve the acquisition performance described w-re
first proposed.

5.3.2 Tests with High Power Transmitter

The target specification required that the indicated tracking error
should not change by more than 3 per cent due to the transmission of
one kilowatt of CW through the system. This test was performed at
SRDE since no suitable transmitter was available on the Marconi site.
The test arrangement is shown in Fig 13. Due to the length of wave-
guide needed to couple the transmitter to the antenri only about 700
watts was in fact available. The frequency used fo, the test was
7995 K1z; this is the centre of the 20 MHz transponder in the satellite.
The test was carried out by switching the transmitter on and off whilst
receivinig the beacon signal from the satellite. No change in the output
of the tracking error signal was detectable.

6. SUMMARY OF COMPLIANCE WITH TkRGET SPECIFICATION

In almost all significant parameters the target specification was met or exceeded.
Table 1 suammarises the compliance obtained,

As the work proceeded it was found necessary to amend two items of the target
specification, mainly to remove any possible ambiguity in interpretation. The
amendments are set out in detail in Appendix B.

7. DISCUSSION

The tests performed on the tracking system have shown that it meets the target

specification in most respects and that it is capable of tracking low power

satellites.

When considering the performance of the system as tested it should be remembered

that the gain of the antenna was lower and the loss of the waveguide run between
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the antenna and the paramp greater than might be expected in a typical small
S ground station. The resulting loss of signal reduced the effective diameter of
the antenna to 1 to 1.2 metres. It is anticipated that the small stations on which
such a tracking system mignt be used will have antennas of at least 1.8 m in
diameter hence a considerable increase in signal strength may be expected.

Although the present model has clearly established the feasibility of operating a
multimode tracking system and the simplicity of such a system, there are several
disadvantages to the present design. These are:

a. It will work only with satellites radiating one particular beacon
frequency, this be.ing due to the use of a fixed narrow band pass filter
Satellites radiating beacon signals on different frequencies are coming
into service, and hence a method must be found for the system to work over
a range of frequencies. Changing the filter is one inelegant solution to
the problem.

b. The present phase modulator is rather large and its use results in the
need for a bulky waveguide assembly. Two proposals for smaller modulators
are given7 . The first is a microstrip modulator and isolator with wave-
guide input and output ports. In the second, phase modulation is achieved
by switching a PIN diode mounted in a length of waveguide on arm 2 of a
circulator. Either would simplify the waveguide assembly.

z. The beacons of certain satellites are bi-phase modulated in such a way
ac to comnletely suppress the carrier. The present equipment will not work
on this type of signal.

d. The indicated error signal is to some extent affected by variations in
signal level. This is only a minor disadvantage in a practical system. The
indicated 'on boresight' position is independent of signal level.

e. The present system will work only with circularly polarised beacon signals.

f. Variations in temperature of the waveguide system (especially the filter
in the modulation loop) produce phase variations between the TE1 1 and TM0 1
modes causing an apparent rotation of the tracking axes. A compensation
system is used to nullify this effect in the present prototype model, but
it would be advantageous if the need for it could be eliminated.

Apart from the 'operational' limitations discussed above, there is no doubt that
the technical functioning of the scheme has been very adequately demonstrated.
W.ith regard to its usefulness for practical earth stations it is apparent that
the complication of the present design as it now stands makes it non-competitive
for very small low-cost stations. These stations are normally fitted with small
dish aerials which can be pointed adequately by simpler means, such as single-
axis prediction or step track. Its use on larger high-performance stations may
also be limited by the inability of the present design to tune over a wide range
of beacon signals or to operate on bi-phase modulated beacons7 however with large
stations there is the opportunity to design for low efficiency in the beacon-
signal circuits and this provides an extra degree of freedom.

There may be an application of the system for medium size land transportable
stations which have to be frequently moved. The multimode system has the
advantage for this class of station in that a pointing-error indication is
available instantly on setting-up the station: under these circumstances step-
track takes appreciable time to settle down and prediction-track systems are
more difficult to net up quickly and are upset by movement of the aerial mount,

10



eF by settling of the vehicle on which the equipment may be mounted. For thesestations the restriction as to choice of beacon may be acceptable.

Since this work was started, it has been to some extent overtaken by events, in
that a number of recent developments have made the present design less competitive;
these include the increased emphasis on the need to tune over a range of beacon
frequencies for interoperability and satellite 'sharing', the use of bi-phase
modulated beacons by the USA and the successful development of "steptrack" and
simple "sirngle axis" prediction tracking methods.

8. CONCLUSIONS

8.1 The performance of the tracking system has clearly demonstrated that
it is possible to design and construct a simple multimode tracking system
that will provide accurate antenna pointing information even when used with
a small antenna.

8.2 There are a number of disadvantages and short comings associated with
the present design. The principal one is that which limits the system to
fixed frequency operation and, it is apparent that extra development work
is required to oroduce a more flexible system for wider general application.
If the use of the system is restricted to larger size aerials then important
simnlifications are possible.

9. AEFLNCES
1 J S Cook and R Lovell The Auto-Track System

The Bell System Technical Journal

P1283-1307 July 1963
T W G Dawson, P H Masterman A Simple Multimode Auto-Track System
and M Chivers for Steerable Aerials

SRDE Memorandum No S71/70

3 The following patents have been grantedin connection with this tracking system.

UK No: 1344098
US No: 3790941
Canada No: 949180

Technical Specification for the Study,
Design and Manufacture of a Simple
Multimode Tracking System for Satellite
Earth Terminals
SRDE Technical Specification TS/1473

5 J a Brain et al Multimode Tracking Feed Design Study
Report. Marconi Technical Report
MTR 73/63 June 1973

6 J d Brain et al Multimode Tracking Feed Equipment Manual
Marconi Technical Report MTR 74/I
March 1974

7 J R Brain et al Final Report on the Design and Development
of a Multimode Tracking System for SRDE
Marconi Technical Report MTR 74/9 May 1974

11



> 0~O 4) 4)
4) T3~ .04-) ONci (

.0 0 S- (0 U 0 ;3 9

4) ~ 0 )4) ~ 0. 0 00-H4
4 4) to t ) ra 4) 4J4) E:r 4)L.
(0 4) r.>0 0 Xr4) O r.)0 r.4)9

0 NJ0 1 0 %-1 0 .00 car. 0 tc 1 4)-.
m d) 4.)Z '- A 0 0) .0 CM4 a 04)4)

E44) X.00o 4) 4)0 4D0vt) .b. 00 U 0 0) 4)-r 4 .

4) 4) 'rlN 4) 4) . 4) 0 0 00 00 a 0 0 Vo r-4 &
*r4

4  
= *9 r40 $4' -r-4 D4

C) 0 E LZ 0 0Q bo0go v -I..) N ) 0 I O -'--
0d 0>ýE~- 0W as.0 0d 04) 0. 43CO C d ON

. j o =- P. .0 N *r4. r4~ *p -
00 44)'1 U 41 c- .41 4) 4-1 -0 4-1 Or) C- H V 0 .4) -. 4) ON 44)

4) 4)~ " 4 ) 4) C. 4) S-4 to :34 ;4 Hi 4T-r.ý cP
oZ ~. 04 ) be. tk4-) to 0 412 E *) 004) ) % L5mm

S.L: S.", 4L t 14 Q. to -ri W U 04) bo S.. 4tk

0 4)

. z 0 4

-4-

r0)04 r

C70 0-' 4
E 00

.0 c W c
C ..4
x to

14

0. 0

02 4.) Lo c

0 p

(0 0 - 0. C
- Cd U'. m 4) T

0 *r4 VU)

0 0
oa w-- r- P"I 0

-4 4) U) .0 - 4 -I 4
4) C0 .0E

S.. to 0
4) Mj 0o 4). -

-4 tal 0 I (0 .4 to0 4

4J .0 kt 0
H2 0 4) k 4

01 41 *r4 0V 4), '
.0 .0 ) 0 00 a0-

to r 4.) -4- L) 4)4
0 4)) V-9 O J = CO

P- 0 4- r I P4) V

> a) C:- 0 A-- :3- 4-

4J 4 4. 4), -. 4. 9 440
(0 0-)- 0 . 4) 4-) 14

14 0000 ~0 0 -
41. 0 ~ 4-0 0 - 1 .14 4J0

!) 41 t1 4) 04) 4 )) 10 4) rq-4
- . *.4 co-,q4 '0(0 ., .,4 , to. rq

0,0 414 4 ) 0 1 0
434) .9 2-r o1J COa 0 - k

9Q 00 'dO '0 to -4 co 4-
Nq 0 4)1 r.0 04) > ~ 4i v -

E-4 a) > 4)' -4

12



II
RCLATIVE GAIN

do

0

10--

25

0-6 0S 0.4 0.3 0.2 0. 0 0.1 0"2 0"3 0.4 05 0"6

ANGLE OFF BORESIGHT (•E6RcaS)

FIG I. TEII AND TMoIMODE RADIATION PATTERNS



Z

06 &

00

31

q.. 4

-ac

eg=

'ACA
-al



-0

-15

-20

FRI QUEN CY

FIG. 3 81-PHASE MODULATION SPECTRUM



LuI

0-

(LL t
wt n

'""C
0a.

00

-

x0

w0az

00

0

I.-J

00 -4

ii
-Ia-
0<0

*0~

uJul
if, z



ww

z

o0
cr

w 0)

ww

ww

w ILI



W.-

-I. Id

0 4

I.--

04

I-i

ww
4O

LL

0dgd
'S.

1. 4



I-
2

C
I-
4
-J
:2
C
0
I
w
C
CD
z
2
C-)
4
ci:
I-

C
z
4
ci:
w

C)
w

z
0
C)
C
w
m

Ci
LL



U
N
C
0

I
I.
I
I
U

I
I.
I I',

I 0-J

I U
0

I I-
'A'

I
I.;

U
I -

aI K

'a.

I U'
U

I

I C,

'a-

I
I
I

I
I
I

0 I
-a

U
2 Ia-
K
'.9 - I
�' .v
U I

I-
I 3 0F-



Ga

MNW P-931LA

qd'c

L-

.4j

S K



in, C

• NI

0 r

I I

ox" "" za• o _



z
2 x

3r!

xC

c!

cc

4Q

zC

aC

C

@ &

'di

"" Ia

4Q

'C)

- ,,. SM



-J x

44

z
09u

'o

0z

W, In



dc

a
MU
im hi

I. X I -

~IA

4.

II

C4 ac

p.3 .

z IL

4 4 Icc
Z us

4e

dC



t a

U.-

'a' 0

b LU.

46 ov



IORES1INT +I0'ELEVATIO *20'" ELEVATION +30' ELEVATION

10-4-74

SATELLITE NATO 2

CHART SPEED t;(NINUTE

SENSITIVITY 2 VOLTS/INCH

ATTENUATION Off

FIG. IS. SAMPLE OF ELEVATION CHANNEL OUTPUT RECORDING



ATTENUATION 6EFORE PARAMP
Oid 2ds 441 641 Iis 911 10dm

22-4-74

SATELLITE NATO 2

CHART SPEED I7/NIN.

SENSITIVITY VOLTS/INCH

ANTENNA ON SORESIGHT

FIG. 16. ELEVATION ERROR CHANNEL OUTPUT SIGNAL Vs VARIATION OF
DEMODULATOR INPUT LEVEL



%10A 13NNYHO UOWVV NOIJVA313

-- 4

00

00

LAJ-

jLA-

l0
110I3I 3OCK 0 A'A

33

I I _ _ La..
0 N 0CN

~~1aow'3k)~C :rVN3.VNISO



zz

3 z
-Jc

At&
A CC

0 Lai

z + L

X

44

00

____ ____ ____ ____ __ j



.ui

IJLL
040

tE z



LOSS dif

I0

100

(Q1•o -_ __ __ __ _ __ __ __ __ _

726 7"27 729 7"29 7.30
FREQUENCY GHz

z*5 * 0

Z-O

2.0

LOSS d6

'5

1.0

20MMz BAND

(b) o-5
0

0 | |0

726 7"27 7"28 729 7"30

FREQUENCY tits

FIG 20. OHMIC LOSSES IN RECEIVE BAND



i 2APPENDIX A

.UIPF&,NT MODIFICATIONS CARRIED OUT AT StDE TO IMPROVE SIGNAL ACQUISITION MARGIN

After initial setting up, the beacon signal of the satellite was-acquired. By use
of the microwave attenuator it was found that there was only a 14 dB signal margin
on acquisition, the antenna requiring to be almost on boresight before the beacon
signal was acquired. However, once acquired, the signal level could be reduced
by approximately 51 dB before the tracking demodulator lost phase lock.

To increase the acquisition sensitivity the Marconi engineers proposed several
modifications to the equipment. They were:

i deduction of the bandwidth of the demodulator tracking loop.

ii Reduction of the sweep rate of the automatic beacon acqulliton frequency
search. This circuit swept t 15 KHz in 5 seconds.

iii iRedaction of the loss of the tracking system at the beacon frequency.

A good match looking into the TEl1 port of the hybrid T had ueen achievc,_ in
order !o reinject the phase modulated TMO1 mode energy back into the zmain
circular guide as the TEll' mode, the path being the hybrid T and the mone
cozrLer. Biy reciprocity a good match was provided in the reverse direct:on
for 7-71 mode energy at the beacon frequency. Analysis of the situation
showed that when the horn was excited a quarter of the power was reflected
back, half absorbed in the TE1 1 port kand ultimately by the isolator) and
a quarter absorbed by the receive port. This produced an insertion loss of
6 dB (5.' dB was measured by Marconi. Calculations showed that by suitably
altering the match it was possible to reduce the insertion loss of the track-
ing system at the behcon frequency to 1.6 dB whilst reducirn, the level of
the reinjected TMO1 mode energy by only 2.6 dB. This loss could be tolerated
due to the adequate error signal S/N ratio.

The above proi,osed changes were implemented as follows.

i The loop bandwidth which was originally - 1O0 Hz was reduced in steos.
No appreciable increase in system performance was found with bandwidths less
than A Hz. Reducing the bandwidth to + 50 Hz gave an increase in S/N of
L./ý dB.

1i The sweep period of the automatic beacon acquisition frequency search
was increased from 5 to 14 seconds.

i1i The change in match was achieved by removing a single post matching
section at the fL11 port of the hybrid T gnd replacing it by a 5 screw tuner.
The tracking system was offset by about ý from a satellite and the 5 screw
tuner was then adjusted to achieve maximum increase in beacon signal (as
determined with a svectrurr, analyser) whilst not allowing the error meter
reading to fall more than C.6 dB below the reading shown when the single
post section was in the waveguide assembly.

The above changes resulted in the signal acquisition margin being increased to
acproximately !% dB. The increase in system acquisition range enabled the low
powered IDCSP istellites to be acquired.

it was also not'ed that the various beacon frequencies were always within 1klz of
the nominal. beacon frequency. fhe range of the automatic frequency search was
therefore reduced to + 5 kilz. This change reduced the acquisition time.



APPENDIX B

f i•ET SPECIFICATION AlNZNDKENTS

The following amendments were made to the Target Specification in Ref 4 during
the course of the contract to build the tracking system:

a. Original specification Variation in indicated trackinp error 10% Max:
caused by + 10 dB change in signal
strength. -

Amended version Variation in indicz.ted tracking error
caused by + 5 dB change in signal 1C% Max:
strength.

OriginqI specification Standing error between true TM01 3% FSD 1,;vJx:
null and indicated 'zero error'.

A.-.endea zersion Standing error between true TM0 1  Such as not to
null and indicated 'zero error', cause more than

0.1 dB loss in
received
communications
signal.
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